Introduction
============

Glioma is the most common primary tumor of the central nervous system with an annual incidence of 3--5 cases per 100,000 individuals, accounting for \~46% of all intracranial tumors in the United States ([@b1-ol-0-0-4939],[@b2-ol-0-0-4939]). Glioma is the second leading cause of mortality in young cancer patients (\<34 years of age) ([@b2-ol-0-0-4939]). High morbidity and mortality rates make glioma the fourth most fatal malignant cancer ([@b3-ol-0-0-4939]). Currently, the standard treatment for glioma is surgical resection followed by combined administration of radiation and adjuvant chemotherapy ([@b4-ol-0-0-4939],[@b5-ol-0-0-4939]). Despite current therapeutic efforts, the median survival time (\~14 months) has not changed significantly in the past decades ([@b6-ol-0-0-4939]). The poor prognosis and low 5-year survival rate (\<10%) highlights the urgent requirement for the development of novel therapeutic methods against glioma ([@b2-ol-0-0-4939],[@b7-ol-0-0-4939]). At present, cancer treatment studies predominantly focus on molecular therapies, thus the identification of efficient targets is of great importance.

Cyclooxygenase-2 (COX-2) is an important enzyme that regulates the conversion of arachidonic acid to prostaglandin E2 (PGE2) ([@b8-ol-0-0-4939]). Previous studies have demonstrated that PGE2, which is produced normally by epithelial cells and at extremely high levels in a variety of malignant tumors, upregulates the activity of T-regulatory cells, which suppress immune function, resulting in tumor progression and poor disease outcome ([@b8-ol-0-0-4939]--[@b11-ol-0-0-4939]). Martín Sanz *et al* ([@b12-ol-0-0-4939]) revealed that as single molecule modification of COX-2 may induce tumorigenesis in COX-2 transgenic mice without other genetic modifications. Krzystyniak ([@b13-ol-0-0-4939]) reported that COX-2 upregulation affects both angiogenesis and the production of specific proteases that are critical for glioma cancer growth and metastasis ([@b13-ol-0-0-4939]). Based on these previous studies, the downregulation of COX-2/PGE2 signaling may present a promising and efficient method for the prevention and treatment of malignant tumors.

MicroRNAs (miRNAs) are small, non-coding RNAs (\~22 nucleotides in length) that mediate the post-transcriptional silencing of specific target mRNAs ([@b14-ol-0-0-4939],[@b15-ol-0-0-4939]). miRNAs are currently recognized as important regulators of various biological functions in a number of cellular processes, including cellular proliferation, differentiation, metabolism and apoptosis ([@b14-ol-0-0-4939],[@b15-ol-0-0-4939]). To date, \>400 human miRNAs have been identified and \>1,000 have been postulated to exist ([@b16-ol-0-0-4939]). It is hypothesized that ≤30% of human genes are regulated by miRNAs ([@b17-ol-0-0-4939]). Each miRNA regulates a variety of targeting genes, and an individual mRNA may be regulated by distinct miRNAs, giving rise to an extensive regulatory network ([@b15-ol-0-0-4939],[@b18-ol-0-0-4939]). A number of miRNAs, including miR-21, miR-221/222, miR-124 and miR-128, are aberrantly expressed in malignant gliomas and are considered to have important functions in determining the degree of malignancy ([@b19-ol-0-0-4939]--[@b22-ol-0-0-4939]).

The present study determined the relative expressions and functions of miR-101 and COX-2 in glioma cells, as well as the regulatory roles between them, thus, providing novel possibilities for the prevention and treatment of glioma.

Materials and methods
=====================

### Patients and specimens

Fresh-frozen human glioma tissues (n=40) and matched distant normal tissues were obtained from patients who underwent radical surgery between January 1 and October 1, 2013, at the Affiliated Hospital of Hainan Medical College (Haikou, China). The patients included 24 men and 16 women, with a mean age of 51 years. None of these patients received radiotherapy or chemotherapy prior to surgical resection. All 40 cases were reviewed for histological subtype, differentiation and tumor stage ([@b23-ol-0-0-4939]). Written informed consent was obtained from all patients.

### Cell culture

The human glioma cell lines U373-MG and U87-MG, and the normal human glial cell line C6, were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% bovine calf serum (Gibco; Thermo Fisher Scientific, Inc.) and maintained at 37°C in a humidified atmosphere of 5% CO~2~.

### Reverse transcription (RT)-quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from malignant and normal tissues (which were soaked in formalin solution for 1 h and stored at −80°C prior to use) and cells using Isogen reagent (Nippon Gene Co., Ltd., Toyama, Japan). Total RNA (3 µg) was reverse-transcribed using MultiScribe Reverse Transcriptase (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. miR-101 and COX-2 mRNA expression levels were analyzed using TaqMan^®^ Small RNA assays (Applied Biosystems; Thermo Fisher Scientific, Inc.) and a MiniOpticon Real-Time PCR System (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer\'s instructions. The PCR cycling conditions included initial denaturation at 95°C for 3 min followed by 40 cycles of 95°C denaturation for 12 sec and 62°C annealing for 40 sec. Expression values were normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA expression levels by the 2^−ΔΔCq^ methods. The oligonucleotide primer sequences of miR-101 and COX-2 are shown in [Table I](#tI-ol-0-0-4939){ref-type="table"}.

### Western blot analysis

Cell or tissue lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (EMD Millipore, Darmstadt, Germany). The membrane was blocked with 5% non-fat milk and incubated with rabbit primary antibodies against COX-2 (rabbit, anti-human, monoclonal; catalog no. 12282; 1:2,000 dilution) and GAPDH (rabbit, anti-human, monoclonal; catalog no. 5174; 1:3,000 dilution) (Cell Signaling Technology, Danvers, MA, USA) at 4°C overnight. After three washes with Tris-buffered saline containing 0.1% Tween-20, the membrane was incubated with corresponding horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit IgG-horseradish peroxidase; catalog no. sc-2030; 1:3,000 dilution; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 h at room temperature. Immunoreactive bands were visualized with a Pierce enhanced chemiluminescence system (Thermo Fisher Scientific, Inc.).

### Vector construction

miRNA expression plasmids were constructed using the pRNAT-U6.1/Neo vector (GenScript, Piscataway, NJ, USA). The pre-miRNAs were synthesized ([Table II](#tII-ol-0-0-4939){ref-type="table"}) and cloned into the pRNAT-U6.1/Neo vector. The luciferase reporter vector was constructed using the pGL3-basic vector (Promega Corporation, Madison, WI, USA) and the 3′-untranslated region of COX-2 was amplified by RT-PCR. The COX-2 small interfering RNA (siRNA) was synthesized by Invitrogen (Thermo Fisher Scientific, Inc.).

### Cell transfection

Cells were grown to 70--80% confluence and respectively transfected with miR-101 or mock vehicles using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Cells transfected with miR-101 and mock vehicles were termed U373(87)/miR-101 and U373(87)/NC, respectively. After 48 h, cells were harvested, and underwent limited dilution in a 96-well plate for the generation of individual clones. Three weeks later, the level of COX-2 mRNA in the cell clones transfected with miR-101 was analyzed by RT-qPCR.

### Dual-luciferase reporter assay

A dual-luciferase assay was performed as described previously ([@b24-ol-0-0-4939]). Briefly, cells were seeded in a 24-well plate at \~80% confluence and transfected with miRNA expression vector, reporter vector and the pRL-TK control vector encoding *Renilla* luciferase (Biovector Science Lab, Inc., Beijing, China), using Invitrogen Lipofectamine 2000 according to the manufacturer\'s instructions. Following 24 h of transfection, cells were harvested, lysed by CyQuant^®^ cell Lysis Buffer (Thermo Fisher Scientific, Inc.) and analyzed using the Dual-Luciferase Reporter Assay System kit (Promega Corporation). All experiments were performed in triplicate.

### Cell proliferation assays

Cell proliferation was analyzed using Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Rockville MD, USA) as previously described ([@b25-ol-0-0-4939]). Briefly, 3,000 cells/well were seeded in a 96-well plate. At daily time intervals (days 1--7), 10 µl CCK-8 was added to each well, followed by incubation for 2 h in the dark. The absorbance (Ab) was recorded at a wavelength of 450 nm by a microplate reader (Thermo Multiskan MK3; Thermo Fisher Scientific, Inc.) and cell viability was calculated using the following equation: Cell viability (%) = \[(Ab~sample~ - Ab~blank~) / (Ab~control~ - Ab~blank~)\] × 100%, (where Ab~sample~, Ab~control~ and Ab~blank~ are the Ab values of each sample, the cells cultured in culture medium without any additional substances and the culture medium without cells in wells, respectively).

### Transwell assays

A cell migration assay was performed using 24-well Transwell plates as previously described ([@b26-ol-0-0-4939]). Briefly, the under surface of the membrane was coated with human fibronectin (10 mg/ml; Gene Operation, Ann Arbor, MI, USA) in phosphate-buffered saline at 37°C for 2 h. The lower chamber was filled with 0.6 ml DMEM supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.). Prior to the experiment, cells were serum-starved overnight \[DMEM plus 0.5% bovine serum albumin (BSA; Beyotime Biotechnology, Shanghai, China\], then 1×10^6^ cells in 0.1 ml migration medium (DMEM plus 0.5% BSA) were added to the upper chamber. After incubation at 37°C for 12 h, cells on the upper surface of the membrane were removed. The migrated cells that had attached to the lower surface were fixed in 10% formalin and stained with a solution containing 1% crystal violet and 2% ethanol in 100 mmol/l borate buffer (pH, 9.0; Beyotime Biotechnology). The number of migrated cells on the lower surface of the membrane was counted under a light microscope.

### In vivo tumor growth assays

Four-week-old female BALB/c nude mice (mean weight, 14.3 g) were purchased from Dashuo Biotechnology Co., Ltd. (Chengdu, China) and raised in specific pathogen-free conditions at 26°C. A total of 5×10^6^ control and miR-101 overexpressing cells were injected subcutaneously into BALB/c nude mice (age, 6--8 weeks), respectively. The tumor size was measured in two perpendicular diameters with precision calipers and calculated using the following equation ([@b25-ol-0-0-4939]): Tumor volume (mm^3^) = (length × width^2^) / 2. At the end of the experiments, all the mice were sacrificed by cervical vertebra dislocation.

### Statistical analysis

The Student\'s *t*-test was performed to compare differences between two groups, whereas analysis of variance followed by Dunnett\'s multiple comparison test was used to compare more than two groups. Data are presented as mean ± standard deviation. All data analyses were performed using SPSS version 10.0 (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Elevated COX-2 expression in human glioma tissues and cells

To identify aberrant COX-2 expression in glioma, the COX-2 protein levels in normal and malignant tissues in 33 glioma and adjacent normal tissues were analyzed by western blotting. Representative images ([Fig. 1A](#f1-ol-0-0-4939){ref-type="fig"}) demonstrate that COX-2 is significantly overexpressed in glioma tissues when compared with that in normal tissues. Consistent results were obtained in cultured cell lines as shown in [Fig. 1B](#f1-ol-0-0-4939){ref-type="fig"}, which revealed that COX-2 was significantly overexpressed in both U373 and U87 glioma cell lines compared with C6 cells. COX-2 overexpression in malignant tissues and cells was confirmed at the mRNA level by RT-qPCR analysis ([Fig. 1C and D](#f1-ol-0-0-4939){ref-type="fig"}).

### miR-101 downregulation in glioma tissues and cell lines

RT-qPCR results ([Fig. 1E](#f1-ol-0-0-4939){ref-type="fig"}) demonstrated that the mean expression of miR-101 was significantly decreased in all glioma cancer tissues when compared with normal tissues (P\<0.001). Similarly, the levels of miR-101 in both U373 and U87 cells were significantly lower than that in C6 cells (P\<0.001; [Fig. 1F](#f1-ol-0-0-4939){ref-type="fig"}).

### Overexpression of miR-101 significantly reduces COX-2 levels in glioma cells

Considering the downregulation of miR-101 levels ([Fig. 1E and F](#f1-ol-0-0-4939){ref-type="fig"}) and upregulation of COX-2 expression in human glioma cells and tissues ([Fig. 1A-D](#f1-ol-0-0-4939){ref-type="fig"}), we hypothesized that a negative correlation may exist between the intracellular levels of COX-2 and miR-101. To verify this hypothesis, the luciferase reporter system was used to investigate the regulatory function of miR-101 on the expression of COX-2. The results revealed that transfection with miR-101, but not empty vectors \[negative control (NC)\], significantly reduced the luciferase levels in U373 and U87 cells ([Fig. 2A](#f2-ol-0-0-4939){ref-type="fig"}). The results were confirmed by western blot analysis. As shown in [Figure 2B](#f2-ol-0-0-4939){ref-type="fig"}, miR-101 transfection markedly downregulated COX-2 expression in both U373 and U87 glioma cells.

### Overexpression of miR-101 inhibits cell proliferation and migration of glioma cells

To investigate the effect of miR-101, cell proliferation was assessed in wild type (WT) and miR-101-overexpressing glioma cells. Cells transfected with empty vectors were used as an NC. [Figure 3A](#f3-ol-0-0-4939){ref-type="fig"} illustrates that after a 7-day period of proliferation, cell proliferation was lower in the miR-101-transfected group (U373/miR-101) than in the non-transfected (U373) and mock-vehicle groups (U373/NC; P\<0.001). Similar results were obtained in U87 cells ([Fig. 3B](#f3-ol-0-0-4939){ref-type="fig"}).

Transwell assays were used to measure the effect of miR-101 on tumor cell migration. After 12 h, the number of migrated cells was markedly decreased in miR-101-overexpressing U373 and U87 cells ([Fig. 3C](#f3-ol-0-0-4939){ref-type="fig"}) and this effect was also observed after 24 h. After 24 h, the migration rate of U373 (U373/miR-101) and U87 (U87/miR-101) cells was significantly reduced when compared with that of WT and NC-transfected cells (P\<0.001; [Fig. 3D and E](#f3-ol-0-0-4939){ref-type="fig"}). The results indicate that miR-101 overexpression inhibits cellular proliferation and migration of U373 and U87 glioma cells.

### COX-2 interference inhibits cell proliferation and migration of glioma cells

To determine the impact of COX-2 on the proliferation and invasion of glioma cancer cells, glioma cells were transfected with COX-2 siRNAs and the proliferation and invasion abilities were compared between WT and siRNA-transfected glioma cells (U373/siRNA and U87/siRNA groups). The successful transfection of siRNAs into U373 and U87 cells was confirmed by RT-qPCR and western blotting, the results of which revealed that COX-2 mRNA and protein levels were significantly decreased ([Fig. 4A and B](#f4-ol-0-0-4939){ref-type="fig"}). The results shown in [Fig. 3](#f3-ol-0-0-4939){ref-type="fig"} suggest that transfection with COX-2 siRNA negatively influences the proliferation ([Fig. 3A and B](#f3-ol-0-0-4939){ref-type="fig"}) and invasion ([Fig. 3D-F](#f3-ol-0-0-4939){ref-type="fig"}) of human U373 and U87 glioma cells.

### Overexpression of miR-101 inhibits the development of established tumors in a localized human glioma xenotransplant model

To investigate the inhibitory effects of miR-101 overexpression on the growth of established tumors, control and miR-101-transfected U373 and U87 cells were injected subcutaneously into BALB/c nude mice. The development of established tumors was monitored every day for 6 weeks. As shown in [Fig. 5](#f5-ol-0-0-4939){ref-type="fig"}, the development of solid tumors was first visible at \~14 days post-inoculation and tumors grew rapidly in WT (U373 and U87) and NC-transfected (U373/NC and U87/NC) groups. By contrast, in the U373/miR-101 and U87/miR-101 groups, the tumor growth was markedly slower and the tumor volume was significantly decreased compared with control groups ([Fig. 5A and B](#f5-ol-0-0-4939){ref-type="fig"}). Similar results were obtained when glioma cells were transfected with COX-2 siRNAs. The *in vivo* experiments indicated that miR-101 overexpression may significantly inhibit tumor growth *in vivo* and thus may present a useful treatment for glioma.

Discussion
==========

Gliomas are the most malignant tumors of the central nervous system. Although conventional therapies have significantly advanced in recent years, the prognosis of glioma remains poor ([@b1-ol-0-0-4939]--[@b3-ol-0-0-4939]). Understanding of the molecular mechanisms of glioma development has improved and, subsequently, molecular targeted therapy has been proposed for the treatment of gliomas ([@b1-ol-0-0-4939],[@b15-ol-0-0-4939],[@b27-ol-0-0-4939],[@b28-ol-0-0-4939]). Molecular targeted therapy requires the identification of novel and efficient therapeutic targets for the diagnosis and treatment of the disease.

Increasing evidence has demonstrated that up/downregulation of miRNAs is involved in the initiation and progression of various types of malignancy via dysregulation of targeting oncogenes and/or tumor suppressor genes ([@b29-ol-0-0-4939],[@b30-ol-0-0-4939]). Investigation of differentially expressed miRNAs in various cancer types has yielded significant information with regard to carcinogenesis, thus providing potential tumor suppressors for treating malignancies ([@b14-ol-0-0-4939],[@b31-ol-0-0-4939],[@b32-ol-0-0-4939]).

miR-101 has been reported to be frequently downregulated in various tumor types, including breast, bladder, gastric, prostate, cervical and liver cancers ([@b33-ol-0-0-4939]--[@b38-ol-0-0-4939]). To the best of our knowledge, studies regarding the effect of miR-101 in glioma are limited. In the present study, it was demonstrated that miR-101 functions as an effective tumor suppressor via the repression of COX-2 in gliomas.

COX-2, a key enzyme in the production of prostaglandins, is involved in numerous biological processes that are associated with tumorigenesis, including cell proliferation, differentiation, migration and the regulation of antitumor immunity ([@b8-ol-0-0-4939],[@b11-ol-0-0-4939]--[@b13-ol-0-0-4939]). The regulation of COX-2 expression in cancer has been the focus of numerous studies ([@b11-ol-0-0-4939]--[@b14-ol-0-0-4939]). The results of the present study demonstrated that COX-2 levels were significantly increased in glioma tissues and cell lines. Furthermore, miR-101 overexpression caused downregulation of COX-2 in glioma cells and tissues. Notably, COX-2 interference in glioma cells following siRNA or miR-101 transfection resulted in markedly decreased proliferation and migration rates *in vitro*. The results also suggest that miR-101 overexpression in both U373 and U87 cells results in significant inhibition of tumor growth in localized glioma xenotransplant models.

To the best of our knowledge, this is the first study to demonstrate that miR-101 downregulation contributes to cell proliferation, migration and invasion in gliomas via upregulation of COX-2 expression. The identification of candidate target genes of miR-101 may aid in elucidating potential carcinogenic mechanisms in human gliomas. In summary, these findings indicate that miR-101 may present a novel potential target that may potentially be exploited for the treatment of glioma.
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![Upregulated COX-2 and downregulated miR-101 expression in human glioma tissues and cells. (A) Representative western blotting images for COX-2 in paired glioma and adjacent non-tumor tissues. (B) Western blotting analysis of COX-2 expression in C6, U373 and U87 cells. (C) Relative COX-2 mRNA expression was analyzed in (C) normal and malignant tissues and (D) normal (C6) and malignant (U373 and U87) cells by RT-qPCR. (E) Relative miR-101 expression levels in (E) normal and malignant tissues and (F) normal (C6) and malignant (U373 and U87) cells was analyzed by RT-qPCR analysis. Data are expressed as the mean ± standard deviation. \*\*P\<0.01 vs. control. COX-2, cyclooxygenase-2; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.](ol-12-04-2538-g00){#f1-ol-0-0-4939}

![COX-2 may present a direct target of miR-101 *in vitro*. (A) Luciferase activity was significantly decreased following transfection with miR-101 but not NC in U373 and U87 cells. (B) Western blotting revealed that transfection with miR-101 markedly reduced cellular COX-2 expression in U373 and U87 cells. Data are presented as the mean ± standard deviation (n=3). \*\*P\<0.01 vs. control. COX-2, cyclooxygenase-2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NC, empty vector.](ol-12-04-2538-g01){#f2-ol-0-0-4939}

![The effect of miR-101 and COX-2 siRNA on proliferation and migration ability of glioma cells. (A and B) Viability of wild type glioma cells and cells transfected with miR-101, COX-2 siRNA or empty vectors was determined by Cell Counting Kit-8 assays. Viability was set at 100% on day 1. (C-E) Migration ability of WT glioma cells and cells transfected with the miR-101, COX-2 siRNA or empty vectors was determined by Transwell assays. The (C) microscope images (magnification, ×4000) and (D and E) statistical analysis indicate that the transfection of either miR-101 or COX-2 siRNA significantly suppresses the cell migration rate in the two glioma cell lines. Data are expressed as the mean ± standard deviation (n=3), \*\*P\<0.01 vs. control (wild-type U373/U87 cells). siRNA, small interfering RNA; COX-2, cyclooxygenase-2; WT, wild type; NC, empty vector.](ol-12-04-2538-g02){#f3-ol-0-0-4939}

![Successful transfection of siRNAs into glioma cells was confirmed by (A) quantitative reverse-transcription polymerase chain reaction and (B) western blotting. Data are expressed as the mean ± standard deviation (n=3). \*\*P\<0.01 vs. control. WT, wild type; siRNA, small interfering RNA.](ol-12-04-2538-g03){#f4-ol-0-0-4939}

![*In vivo* inhibitory effects of miR-101 and cyclooxygenase-2 siRNA on the growth of established gliomas. (A) U373 and (B) U87 cells were injected subcutaneously into BALB/c nude mice. The development of tumors was recorded for 6 weeks. Data are expressed as the mean ± standard deviation (n=3). \*\*P\<0.01 vs. control. siRNA, small interfering RNA.](ol-12-04-2538-g04){#f5-ol-0-0-4939}

###### 

Oligonucleotide primer sequences used for reverse transcription-polymerase chain reaction in the present study.

  Oligonucleotide    Primer sequence (5′-3′)
  ------------------ -------------------------
  Cyclooxygenase-2   
    Forward          GCACCCCGACATAGAGAGC
    Reverse          CTGCGGAGTGCAGTGTTCT
  miR-101            
    Forward          ACGGGCGAGCTACAGTACTGTG
    Reverse          CCAGTGCAGGGTCCGAGGTA

###### 

miRNA sequence used for vector transfection.

  miRNA     Sequence (5′-3′)
  --------- ---------------------------
  miR-101   TGCCCTGGCTCAGTTATCACAGTGC
            TGATGCTGTCTATTCTAAAGGTACA
            GTACTGTGATAACTGAAGGATGGCA

miRNA, microRNA.
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